SUMMARY Electron and light microscopic studies were performed on rabbit brain to re-examine the structural changes of endothelial cells and perirascular glia following ischemia. Although swelling of perivascular glia occurred, earlier findings of extreme perivascular glial swelling and bleb formation leading to luminal collapse and plugging could not be confirmed. Ischemic brains, however, had a higher proportion of small-diameter capillaries than controls. It is felt that structural changes in ischemic capillary walls in themselves are not sufficient to explain failed cerebral reperfusion, or the no-reflow phenomenon.
Introduction
WHEN BLOOD FLOW to the brain is interrupted for more than a few minutes, vascular changes occur which interfere with the re-establishment of normal flow lt 2 and these have been referred to as the "no-refiow phenomenon." This phenomenon can be regularly demonstrated in the rabbit after seven minutes of stasis, and becomes progressively worse over the next 30 minutes of stasis. 3 Two quite different mechanisms have been proposed to explain the phenomenon, with evidence presented for each: one is increased viscosity of the stationary blood due to red cell aggregation 3 ' 4 ; the other is narrowing and occlusion of vascular lumina due to ischemia-induced swelling of perivascular glia and, to a lesser extent, endothelial cell swelling and bleb formation. 5 Prior hemodilution seems to have a pronounced beneficial effect on the reinfusion of a carbon suspension into rabbit brain made globally ischemic for 15 minutes, 3 the time frame within which the "no-reflow phenomenon" is well established.
1 " 3 Because this does not seem entirely consistent with an ischemic vascular pathology of occluded capillary lumina, we felt it necessary to re-examine the pathological response of cerebral capillaries to global ischemia. An ischemic time period of 30 minutes was chosen for study to allow for full development of all early pathological changes.
In the earlier histological studies red cell aggregation may have interfered with tissue perfusion fixation. For this reason, we chose to restudy the pathological changes of the ischemic cerebral capillary vasculature in the absence of red cells. At the initiation of total circulatory arrest in rabbits, blood within the cerebral vessels was immediately replaced with serum. After 30 minutes of arrest the brains were fixed by intravascular perfusion. Their capillary vasculature was examined with both light and electron microscopes and compared to the vasculature of brains fixed immediately after serum washout. Areas of brain known to be highly affected by the "no-reflow phenomenon" (basal ganglia, thalamus) were compared to areas known to be relatively protected (frontal cortex).
Methods
The experiments were carried out on six New Zealand white rabbits weighing 2 to 4 kg. All animals were anesthetized with intravenous pentobarbital (30 mg per kilogram), tracheotomized, paralyzed with succinylcholine, and ventilated with room air using a small animal pump respirator set at 100 cc per cycle, 20 cycles per minute. Using an operating microscope, the basilar artery was occluded transclivally with a Scoville-Lewis microaneurysm clip and the external carotid arteries were ligated at their origin in the neck. This isolated the cerebral arterial inflow to the common carotid arteries (rabbits do not have a rete mirabile). The sternum was split and the pericardium was opened to expose the great vessels. Heparin (1,000 units) was given intravenously. Rectal temperatures were recorded and dropped between 2° and 5°C during an experiment. A calibrated reservoir (500 ml intravenous administration bottle, McGaw Laboratories, Division of American Hospital Supply Corporation, Glendale, California 91201) and a double-tubed clysis administration set (disposable hypodermoclysis set #V1527, McGaw Laboratories) were filled bubble free with sterile, filtered, pooled rabbit serum (Grand Island Biological Company, 3175 Staley Road, Grand Island, New York 14072), after equilibration with 5% CO 2 and 95% N 2 by continuous circulation through a disposable oxygenating system (Temptrol Disposable Oxygenating System, Bently Laboratories, Inc., 17502 Armstrong Avenue, Santa Ana, California 91201). The level of the reservoir was maintained at 120 cm above the rabbit's head. The double tubing was led through a warm water bath (so that the delivered serum was 37° ± 3°C), and attached to a catheter in each common carotid artery (20-gauge Teflon catheter, Cathlon IV Catheter Placement Unit, Jelco Laboratories, Raritan, New Jersey 08691). The serum pH and osmolality were determined for each experiment and were between 7.35 to 7.45 and 300 to 310 mosm, respectively. Na, K, Cl, Ca, P and glucose in randomly sampled lots of serum were found to be within normal range.
The following steps were carried out in less than one minute. The 20-gauge catheters were inserted into the common carotid arteries and secured by 2.0 silk ties. The two lines from the reservoir were connected to the catheters. As the lines were undamped allowing serum to flow into the brain, the aorta was cross-clamped and the jugular veins opened. Serum was allowed to flow into the carotid arteries for three minutes. This system achieved almost complete washout of the blood as determined by benzidine staining of coronal brain sections in preliminary animals.
The actual intracarotid pressure achieved in each infusion was calculated using an in vitro model ( fig. 1 ) in which the pressure drop across the entire system (tubing and carotid catheters) was determined for different flow rates. The intracarotid pressure therefore equaled the height of the reservoir (120 cm) minus the pressure drop for the flow rate of the infusion. Fixation of the brain was then accomplished after 3.5 minutes from the time of aortic cross-clamping in controls (three animals) and after 30 minutes from the time of aortic cross-clamping in the experimental group (three animals). A two-stage infusion fixation was employed, 7 by exchanging the serum reservoir for one containing fixative. One hundred milliliters of a 1% paraformaldehyde, 1.25% glutaraldehyde solution in sodium cacodylate buffer (pH 7.2 to 7.4) were followed by 100 ml of a 2% paraformaldehyde, 2.5% glutaraldehyde solution (pH 7.2 to 7.4), the rate of infusion being recorded so that the intracarotid pressure could be calculated.
After removing the brain, 0.5 to 1.0 mm 3 tissue blocks were cut from frontal cortex, inferior hippocampus, anterior basal ganglia and thalamus, and were fixed an additional hour. The blocks were washed in Sabatini's washing solution, post-fixed in Dalton's chrome osmium and 1% uranyl acetate and dehydrated in increasing concentrations of acetone. The tissues were infiltrated in propylene oxide and embedded in an epon araldite mixture. Thin sections of a single block from each area were examined with a Philips EM 300 electron microscope. From the same tissue block, l-n thick sections stained with toluidine blue were examined with a light microscope.
Each entire 1-^ thick section was evaluated in the following manner. Every third microscopic field in a lattice pattern was photographed at 200X magnification. For each section a 0.01-mm calibration slide was similarly photographed. The negatives were projected at 12.5X magnification using a photographic enlarger. The diameter of each vessel in every photograph was measured and the frequency distribution of capillaries (defined as <3 n, 3 to 3.9 n, 4 to 4.9 n, 5 to 5.9 n, 6 to 6.9 n, 7 to 7.9 n, 8 to 8.9 n, and 9 to 9.9 fi) was calculated. In addition, the percentage of vessels showing pericapillary glial swelling was calculated. The frequency distributions of capillary sizes between the two groups of animals were compared using the Kolmogorov-Smirnov test for significance of greatest difference between two cumulative proportions.
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Results
In brains from control animals, fixed immediately after serum infusion and within 3.5 minutes of aortic crossclamping, most of the vessels were normal ( fig. 2) . Less than 8% of the capillaries had swollen perivascular glia and the neuropil appeared entirely normal. However, in animals subjected to 30 minutes of ischemia 54% of the vessels showed extensive swelling of perivascular glia. A representative example is shown in figure 3 . The frequency of perivascular glial swelling did not vary in the different areas of brain examined. The lumina of vessels retained the normal round configuration seen in intravascular perfused brain even when surrounded by swollen glia and there was no evidence of luminal collapse. Astrocytic swelling was not limited to perivascular glia, but was also seen in areas which appeared to be distant from blood vessel walls. There was no evidence of endothelial cell swelling or bleb formation. Endothelial tight junctions remained intact ( fig. 3) and there was no evidence of interstitial edema. Figure 4 shows the frequency distribution of capillary diameters for both the control animals and those subjected to 30 minutes of arrest when all four areas of the brain were considered together. Neither group had capillaries smaller than 3 \L in diameter. The shift in the combined frequency distribution of ischemic brains toward capillaries of smaller size is significant (p <, 0.025 to p < 0.001) for each area of brain (frontal cortex, hippocampus, basal ganglia, thalamus) when evaluated separately.
STROKE VOL 8, No 1, JANUARY-FEBRUARY 1977 FIGURE 3. Electron micrograph of capillary in frontal cortex after 30 minutes' ischemia. Glial end feet (G) and astroglial process (A) are swollen. The intracellular organelles are dispersed and the intervening cytoplasm is electron lucent. The interstitial space is unchanged from 3.5 minutes' ischemia. The insert is an enlargement of an intact tight junction between two endothelial cells. Markers are I \i.
The range of infusion rates was between 10 and 27 ml per carotid per minute. The perfusion pressures ranged between 65 and 110 cm H 2 O. The mean infusion rates and pressures did not differ with statistical significance between the control and ischemic groups.
Discussion
In the present studies a moderate degree of perivascular glial swelling was found after 30 minutes of global ischemia in rabbits. Contrary to the studies of Chiang et al., 5 which were used to explain failed cerebral reperfusion or the "no-IE.. reflow phenomenon" following 15 minutes of ischemia, we did not find severe glial swelling with profound capillary collapse, endothelial cell swelling or bleb formation. Narrowing of capillary lumina occurred in the current experiments as measured in perfusion fixed specimens, the distribution of capillaries being more heavily weighted toward the small capillary sizes in ischemic as compared to nonischemic rabbits. Only a small number of vessels in the 3 to 3.9 n range were present in both ischemic animals and controls, but their presence in both groups would presumably mean that they are large enough to permit passage of normal red cells. In addition, the vascular changes appeared evenly distributed throughout the areas of brain studied and did not show sparing of superficial cortex in relation to basal ganglia and thalamus which characterizes the "no-reflow phenomenon." 6 The findings that endothelial cells did not swell or form blebs, that tight junctions were preserved and that there was no evidence of interstitial edema imply that the blood-brain barrier, at least to large molecules, was unaffected by the ischemia, as proposed by Olsson et al." It is reasonable to assume that the observed perivascular glial swelling in the ischemic brains resulted in the shift in distribution of capillaries to smaller sizes. Another explanation for this shift, however, is reduced intracapillary pressure due to either shunting or precapillary vessel narrowing. Wade et al. 10 have suggested that cerebrovascular resistance increases during ischemia because of a rise in extracellular potassium concentration which depolarizes smooth muscle cell membrane causing vascular smooth muscle contraction.
The differences between the present experiments and those of Chiang et al. 5 are probably attributable to differences in the flow properties of the perfusing fixative. Although Chiang et al. perfused fixative through the common carotid arteries from a reservoir 160 cm above the animal, they did not mention taking into account the pressure drop across the carotid needles. Since the pressure drop across a fixed resistance is a function of the flow rate and since high flow rates were required in their experiments to perfuse both the internal and external carotid vascular beds, the pressure drop across their carotid needles must have been considerable. In our experiments, we restricted the perfusion to the much smaller internal carotid artery RADIONUCLIDE CBF AND CAROTID ANGIOGRAM/Foo et al.
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territory. Despite perfusion pressures calculated at 110 cm H 2 O and less, we were unable to demonstrate profound capillary collapse, even in areas at high risk to the "noreflow phenomenon" such as thalamus and basal ganglia. In addition, Chiang et al. 5 probably infused their fixative against a much higher cerebrovascular resistance because, in their experiments, the cerebral vasculature had been filled with blood during ischemia, the viscosity of which was undoubtedly increased as a result of the stasis. 4 Thus, it is highly likely that the fixative perfusions of Chiang et al. occurred at pressures and flow rates considerably less than those of the present experiments.
The possibility remains that the absence of the formed elements of the blood (red cells, white cells and platelets) from the lumina of the ischemic capillaries might have prevented the endothelial and glial changes from occurring in our experiments. If substances released by these structures are instrumental in causing the pathology in question, they would operate equally in all areas of the brain rather than preferentially in selected areas which is the pattern of the "no-reflow phenomenon."
Although the current experiments cannot relate the changes in ischemic cerebral capillaries to postischemic neurological function, we believe that they provide a more accurate picture of the structural state of the ischemic capillaries than was previously offered. 5 Although glial swelling previously seemed to obstruct red cell passage through capillaries within 15 minutes of ischemia, we agree with others that this seems doubtful," as it is quite unlikely that the glial swelling and capillary luminal narrowing found in the present experiments would present an absolute barrier to the flow of red cells. We feel that the impaired flow noted in acute experimental ischemic models 1 " 3 -"• 10 therefore must be better explained by mechanisms other than pericapillary glial swelling, such as precapillary shunting, increased blood viscosity due to red cell settling' or vascular constriction. bosis in which he failed to find any such thrombosis. Nor was he able to locate the source of cerebral emboli in many cases with postmortem examinations. By a systematic investigation of the cervical portion of the carotid arteries at autopsy and by carrying out a thorough clinicopathological correlation, he established the role of internal carotid artery (ICA) disease as a major cause of ischemic stroke.
Brain scanning was introduced by Moore in 1948. Subsequently, the development of the scintillation camera allowed the use of dynamic evaluation of radioisotope movement
